Cell morphogenesis is a fundamental process involved in tissue formation. One of the challenges in the fabrication of living tissues in vitro is to recapitulate the complex morphologies of individual cells. Despite tremendous progress in understanding biophysical principles underlying tissue/organ morphogenesis at the organ level, little work has been done to understand morphogenesis at the cellular and microtissue level. In this work, we developed a 2D computational model for studying cell morphogenesis in monolayer tissues. The model is mainly composed of four modules: mechanics of cytoskeleton, cell motility, cell-substrate interaction, and cell-cell interaction. The model integrates the biochemical and mechanical activities within individual cells spatiotemporally. Finite element method (FEM) is used to model the irregular shapes of cells and to solve the resulting system of reaction-diffusion-stress equations. Automated mesh generation is used to handle the element distortion in FEM due to the large shape changes of the cells. The computer program can simulate tens to hundreds of cells interacting with each other and with the elastic substrate on desktop workstations efficiently. The simulations demonstrated that our computational model can be used to study cell polarization, single cell migration, durotaxis, and morphogenesis in cell monolayers.
Introduction
Recent advances in tissue engineering such as 3D bioprinting technologies 1 have made it possible to create on demand 3D complex functional human tissues/organs. The ability to engineer 3D complex tissues/organs on demand will have unprecedented impact in regenerative medicine 1 , disease modeling and drug discovery 2 . In tissue engineering, especially for 3D bioprinting, the central challenge is to reproduce the complex micro-architecture of cells and extracellular matrices (ECM) in microscale resolution to recapitulate biological functions 3 . A thorough understanding of how microtissue morphogenesis occurs in an engineered microenvironment is critical for the 3D bioprinting approach to succeed.
Tissue/organ morphogenesis is a complex process occurring at multiple scales. Focusing on the whole organ scale, considerable research has been devoted to elucidation of the physical principles underlying the formation of the overall morphologies of organs [4] [5] [6] , as well as the nutrient consumption and transport in bioreactors 7 for tissue engineering. In these whole-organ level studies, information at the individual cell level has been homogenized or ignored. At the other extreme of the length scale, the genetic and molecular causes that dictate the tissue/organ formation have been intensively studied 8 . There is gap between our understanding of how phenotypic morphologies at the organ level emerge from genetic information. Studies at the cellular and microtissue level play an indispensable role to bridge these two scales. Despite its importance, very little work has been done on the cell and microtissue morphogenesis.
The phenotypic morphologies of cells including cell shape and cytoskeleton architecture, cell-ECM and cell-cell adhesions, can be best seen by comparing four types of tissues: muscle tissue, nerve tissue, epithelial tissue, and connective tissue. Each of these different tissues exhibit characteristic morphologies in cell shape and cytoskeleton architecture. These four basic types of tissues are arranged spatially in various patterns (e.g., sheets, tubes, layers, bundles) to form organs. Gene expression only dictates what proteins to make and subsequently what biochemical reactions to carry out, the emergence of spatial morphologies must be determined by biomechanical principles and the coupling between biomechanics and biochemistry [9] [10] [11] . Mechanobiochemical coupling is exemplified by the recent discoveries in the field of mechanobiology. Cellular functions including cell migration and cytoskeletal dynamics that are closely related to cell morphogenesis, have been shown to be regulated by various mechanical cues such as matrix elasticity 12 , matrix topology [13] [14] [15] [16] [17] [18] , matrix dimensionality [19] [20] [21] [22] [23] , cell-ECM/cell-cell adhesions 24 , and cell shape constraints [25] [26] [27] [28] . Therefore, mechanical and geometric properties of cells and their microenvironments at the length scale comparable to single cells can have a dominant effect on the microscopic tissue morphology.
Mathematical models based on reaction-diffusion equations at the cellular scale were developed to understand spatial pattern formation in the context of cell migration, such as cell polarization 29, 30 and cell morphogenesis 31, 32 . However, biochemical models lack the consideration of mechanotransduction thus cannot adequately capture cell morphogenesis. Biomechanics models were developed to interpret specific aspects of cell spreading, for example, the distribution patterns of traction force 33 , cell adhesion 34 , and cytoskeleton dynamics [35] [36] [37] [38] [39] . sIn contrast, biomechanics models lack consideration of biochemical signaling and thus fail to account for biochemical regulations. A thorough understanding of cell and microtissue morphogenesis will require the elucidation of how the mechanical and biochemical events are spatiotemporally integrated at the cellular scale.
In this work, we first developed a 2D single-cell computational model. The single-cell model mainly integrates three modules: cell migration, cytoskeleton mechanics, cell-substrate interaction. We then extended the single-cell model to multicellular monolayer model by adding a module of the cell-cell interaction. Finite element method is used to solve the resulting system of partial differential equations and the model was implemented in an in-house MATLAB code. 
Model Description

Physical and mathematical Domains
Four physical domains are defined for the cell: solid phase cytoskeleton domain , fluid phase cytosol domain , membrane domain , and nucleus domain . The elastic substrate (underneath the cell) domain is denoted by . In the cell membrane domain and cytosol domain , reaction-diffusion equations of diffusive molecules will be formulated to model the protrusion and retraction signals. In the cytoskeleton domain , solid mechanics equations will be formulated and the mechanical stresses experienced by the cell will be solved. The present computational model is concerned with the cell monolayer adhering to a flat substrate. Each cell is modeled as a two-dimensional (2D) continuum, which reflects the flatness of the lamellipodia for cells cultured on 2D flat substrates. Because 2D model of the cell is adopted, the physical domains , , , and can be described by the same mathematical domain, denoted by . 
Cell motility module
Cell migration plays a pivotal role in tissue morphogenesis which is a fundamental process of the embryonic development [41] [42] [43] . For in vitro 2D cell migration, the biomechanical machineries that drive migration, and the biochemical signaling networks that regulate the migration machineries have been studied intensively 44 . The current understanding of cell migration is a synthesis from studies of different cell types 45 . Single cell migration on 2D surfaces can be described as a coordinated and integrated process of different modules: cell polarization (i.e., front-and-rear formation), protrusion of lamellipodia/filopodia/lobopodia, formation of new adhesions in the front, releasing of aging adhesions at the rear, and cytoskeleton or membrane skeleton contraction to move the rear forward 41, 44 . The intracellular biochemical signaling have been interpreted as to form networks and constitute an internal excitable system 46, 47 . Cells with this internal excitable system are able to spontaneously polarize and make persistent random walks in the absence of external guidance cues 31 , and to carry out directed movement when biased by external signal gradients (i.e., chemotaxis). In recent years, it has been shown that cell migration can also be guided by a variety of mechanical cues of the microenvironment, such as substrate rigidity (durotaxis 12 ), shear flow (mechanotaxis 48 ), interstitial flow (rheotaxis 49 ), and cell-cell contact force (plithotaxis 50 ). In this work, we adopt a similar modeling concept as Satulovsky et al. 31 where a few phenomenological variables are used to represent the concentration of various proteins involved in cell migration. The cell migration model is described below.
Reaction-diffusion of protrusion and retraction signals
Previous studies indicated that the active forms of protrusion and retraction signals are membrane-bound proteins 32, 51 
where డ ௧
represents the material time derivative (the cytosol is assumed to be moved with the cytoskeleton, no fluid dynamics is considered here), 
Movement of the cell (i.e., protrusion and retraction)
The movement of the cell domain is composed of two parts. One is the cell protrusion caused by the actin polymerization at the leading edge of the lamellipodia. The other is the passive retraction as a result of active cytoskeleton contraction. A protrusion velocity is defined as a function of the protrusion signal at the cell edge 
Cytoskeletal asymmetry
Experimental studies have implied that the cell polarity (i.e., head-and-tail pattern) is maintained through the long-lived cytoskeletal asymmetries including microtubules 52 . To incorporate the cytoskeletal asymmetries in the model, a vector is defined to represent the polarity of the asymmetric cytoskeleton and its time evolution equation is defined as, 
Nucleus deformation and movement The nucleus is modelled as an elastic structure that deforms upon the compression of the cell membrane and moves with the cytoskeleton. In the present model, there are no mechanotransduction associated with the nucleus. Rather, the nucleus is a passive material and can resist deformation and contribute to the shape of the cell in cases cell are elongated or compressed. In the finite element-based numerical implementation, the nucleus is discretized into networks of springs. The velocity of each node is calculated using the sum of the 3 forces,
, and
is the elastic recoiling force derived from the elastic deformation energy of the nucleus, meaning that both strain energy of the truss elements and the area energy of the nucleus,
is the compressive force exerted by the cell membrane when the membrane is within a cutoff distance from the edge of the nucleus,
is the friction force between the cytoskeleton and the nucleus at their interface.ߤ ୬ ୳ is a viscosity parameter. the nodal velocity is then used to update the position and the shape of the nucleus in the numerical integration procedure.
Cell-substrate interaction module
To incorporate the dynamic remodeling of focal adhesion, a phenomenological variable ߩ is defined to describe the density distribution of focal adhesion-associated proteins (e.g., integrins, talins, vinculins, etc.), ranging from zero (no integrin-mediated cell-substrate adhesion) to one (mature FAs). The time evolution of is the maximal stiffness when the focal adhesion density ߩ = 1 µm -2 (i.e., mature focal adhesion).
Cell-cell interaction module
In cell monolayers where cells are connected mechanically by cell-cell adhesion, the static equilibrium of the cells depends on the cell-cell contact [53] [54] [55] [56] in addition to cell-substrate adhesions. To simulate the dynamic process of formation and dissociation of cell-cell adhesion, a stochastic model is used to determine the binary state of the cell-cell adhesion as follows. When cell-A and cell-B is in close contact, the state of the cell-cell adhesion can be either "on" or "off". The "on" state indicates that the cell-cell adhesion is established. The "off" state indicates that although two cells are in close contact but they do not adhere to each other. The probability of the "off" state per unit edge length and unit time is denoted by ߮ . when the cell-cell adhesion state is "on", the stress between cell-A and cell-B, 
Mechanobiochemical coupling
These different modules are coupled through the mechanics of the tissue. As illustrated in Fig. 1B , through molecular scale mechanotransduction pathways, mechanical stresses in the cell are converted into biochemical activities, which in turn regulate the assembly/disassembly of macromolecular of the cell. The macromolecular assembly and disassembly alter the structural, geometrical, and material properties of the cell, which, according to the continuum/structural mechanics theory, will subsequently change both the internal stress (cytoskeleton stress) and stress at the boundary (cell-matrix and cell-cell adhesion stress). Thus, mechanics of the cell, biochemical activities, and macromolecular assemblies are coupled through mechanobiochemical feedback loops as depicted by the arrows in Fig. 1B .
Numerical Implementation of the model
The cell monolayer model is implemented in an in-house code using the finite element method, where Lagrangian mesh is adopted and 3-node triangle element is used. In the simulations of the movement of the cell, the nodal spatial coordinates are updated based on Eq. (10) and Eq. (11). An auto mesh-generating algorithm is utilized to perform re-meshing when mesh distortion occurs. Mesh transfer for the field variables is performed between the old and new mesh. Note that the parameter values used in the simulations presented below are chosen in a rather ad hoc fashion to give results in the same order of magnitude to experimental data in the literature. Use of parameter estimation algorithms to fit the parameters based on the known experimental data will be the subject of future studies.
Simulation results
Establishment of polarity of the cell with the reaction-diffusion sub-model
Cell polarization (i.e., forming head and tail) is critical in cell migration to achieve directed movement. The spontaneous polarization has been thought as a pattern formation in reactiondiffusion systems 31, 51, 57 . we here define the system of equations consisting of Eq. As previously showed by Maree et al. 51 , the cell shape (i.e., the shape of the mathematical domain of the reaction-diffusion equations) has an important effect on the spatial patterns formed. They concluded that at the steady state, the length of the interface that separates the high and low regions minimizes. Our simulation results agree with their conclusion. As shown in Fig. 2B , the interface in the elliptic cell is initially setup to be parallel to the longer axis of the ellipse (i.e., the initial distribution of the protrusion signal is a gradient from high in the left to low in the right). Overtime, the interface rotates and eventually aligns with the shorter axis of the ellipse. To further study the stable solutions of the reaction-diffusion submodel, a rectangular (with an aspect ratio of 1:3) shape is used to mimic approximately a quasi-1D version of this submodel. As shown in Fig. 2C-F can shift the position of the interface and the peak value of ߦ at the steady state. Note that the retraction signal distribution is the inverse of the of the protrusion (i.e., for the zone with high concentration of protrusion signals we observe low concentration of retraction signal and vice-versa). Fig 2C shows the effect of change in the protrusion signal distribution by varying the total retraction signal. This can be interpreted as increasing the total value of retraction signal will localize the distribution of the protrusion signal. In fig 2D we observe that increasing the model parameter, ߞ , amplifies the protrusion signal distribution. Fig 2E-2F shows the effect of variation of the spontaneous activation parameter,
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and the decay parameter,
, in protrusion signal distribution. It is intuitive that spontaneous activation parameter and decay parameter are inhibit each other, meaning the effect of increasing one of them is similar to the effect of the reducing of the other.
Focal adhesion stress-dependent protrusion signal distribution
The reaction-diffusion submodel described above can account for the polarization of the protrusion signal, but it cannot explain the phenomenon observed in the previous study 25 in which the membrane protrusion localized to the four corners of the square cell. Our previous studies showed that localization of the traction stress (which is equal to the focal adhesion stress) at the corners of the square cell is simply due to the mechanics principle of static equilibrium of an elastic body 39 . Based on that, we argue that protrusion signal and focal adhesion assembly can be enhanced by the mechanical stress in the focal adhesion. We implement this hypothesis in the model by introducing the 
We define the system of equations consisting of Eq. (1)- (9) and Eq. (16)- (19), where
are set to be zero, as the stress-reaction-diffusion submodel. Simulations results of the stress-reaction-diffusion submodel for the square shape are presented in Fig. 3 , showing the localization of high traction stress and protrusion signal at the corners of the square cell. As time goes on, the localization is enhanced by a positive feedback loop in the stress-reaction-diffusion submodel: larger traction stress results in larger traction stress in the continuum mechanics solution. Eventually, the traction stress distribution reaches to a steady state.
The role of the cytoskeleton asymmetry to the persistent migration
The full model of the single cell, consisting of the cytoskeleton module, cell motility module, and the cell-substrate interaction module, describe the dynamic process of single-cell morphogenesis. Cell shape, which is one of the properties of cell morphology, is an emergent property of a cell spreading and migration. Cells of different types adopt different cell shapes during the spreading/migrating process. =0), while the bottom two rows correspond to the simulation where the cytoskeleton asymmetry is on (see Movie S1 and S2). Both simulations start with a circular cell and polarized protrusion signal. As shown in the first row, the cell first becomes an elliptic shape due to the protrusion on the front of the cell and the retraction on the back of the cell. The interface line that divides the high and low protrusion signal regions is parallel to the longer axis of the ellipse. Then the cell front turns due to the turning of the interface line of the protrusion signal towards the shorter axis of the ellipse as illustrated in Fig. 1B . Without the cytoskeleton asymmetry, the model cell moves but then turns. On the other hand, as shown in the third row of Fig. 4 where the cytoskeleton asymmetry is turned on, the cell shape becomes elongated in the dynamic equilibrium of the process of protrusion and retraction, and the cell preserves migration direction. With the cytoskeleton asymmetry, the model cell can preserve the migration direction.
Simulation of durotaxis
Durotaxis is a term coined by Lo et al. 12 , which refers to the substrate rigidity-guided cell migration. They showed in the in vitro experiment where a fibroblast cell crawls from the stiffer side (i.e., the darker region) of the substrate toward the softer side (i.e., the brighter region), the cell made a 90-degree turn at the interface to avoid migrating into the softer region. A conceptual two-step theory consisting of the force generation and mechanotransduction has been proposed previously by Lo et al. to explain the durotaxis. A simple mechanics model has been presented by us previously to explain how exactly the larger focal adhesion stress is generated at the stiffer region of the substrate. Static equilibrium of the cell adhering to the substrate directly yield the disparate traction stress on regions of different rigidity 58 .
Simulations were setup to simulate durotaxis as a dynamic process. Cells started as a polarized circular shape and placed on the stiffer region of the substrate. The cell then crawls toward the softer region (i.e., left side). Snapshots from two simulations are presented in the first 2 rows of the 
Collective cell migration in monolayer tissue
Collective cell migration has been studied in vitro where a confluent monolayer of cells crawl on a flat 2d substrate 59, 60 . Here we conduct the in-silico modeling of cell crawling in monolayers, as shown in Fig. 6 . Total of 26 cells are confined in an adhesive region of a circular shape and with a hole in the middle. The inner and outer radius of the adhesive region are 30 um and 83 um, respectively. To study the role of intercellular adhesion in collective cell migration, we performed two simulations: case-I (cell-cell adhesion is turned off) and case-II (cell-cell adhesion is on). The dynamic simulations start with circular cells seeded onto the adhesion region. Overtime, cells polarize, spread, and migrate (see Movie S5 and S6). for he protrusion subfigures. The cell-cell adhesion stress is zero for case-I (Fig. 6A) since it is turned off. In case-II, because of the presence of the cell-cell adhesion, cell contraction is balanced by the cell-cell adhesion, rather than purely by the cell-substrate adhesion.
Conclusions
In this work, we developed a 2D computational model for studying cell morphogenesis in monolayer tissues. Because of the complex nature of the living cell, the model, despite being phenomenological, is still sophisticated. Conceptually, we divide the full model into modules, and studied the behaviors of the submodels, as well as the couplings between modules. We have showed that the reaction-diffusion submodel can simulate cell polarization (head-to-tail formation), the stress-reaction-diffusion submodel can simulate the localization of protrusion signal to the corners of the square cell, and the cytoskeleton-asymmetry module can simulate the persistent migration. We also demonstrated that this mechanobiochemical model can simulate durotaxis and cell morphogenesis in monolayers.
Our computational model incorporates the reaction-diffusion equations with continuum mechanics equations, thus enabling in silico studies of the coupling between the biochemistry and mechanobiology. The finite element method-based numerical implementation of the model makes the computational model efficient in simulating cell monolayers with tens to hundreds of cells on desktop workstations. The computational model and the computer program can be used to test hypothesis and gain understandings of the complex system of living cells and tissues.
